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I. INTRODUCTION

In the event of malfunction which would allow the premature re-entry

of the nuclear rocket engine, it may be desirable to fragment the re-
actor core to minimize the radiation effects to the potentially affected
population. The most effective disposal method would be to completely
vaporize the core material to obtain as much atmospheric dispersion as
possible. However, complete vaporization of the core does not appear
to be achievable and, consequently, systems have been investigated
which will vaporize a small portion of the core and fragment the re-
mainder allowing these fragments to be dispersed as widely as possible.

For certain circumstances, it might be desirable to allow the reactor to
re-enter intact (e.g., if it is certain impact would be in deep ocean or
in unpopulated regions), Such disposal might even be as desirable as
fragmenting the reactor when impact is in lightly populated areas. The
selection of intact or dispersed re-e?tné however, is not the object of
this report but is treated elsewhere. 1, )

One means of disposal of a spent nuclear engine to prevent return to

earth of large radioactive fragments is to fragment the engine core by
explosive means. The small fragment size plus the subsequent dispersal
effects of re-entry would be relied upon primarily to reduce the possible
dose to a low value. Additionally, the dispersion of the particles through-
out the atmosphere reduces the probability of exposure of any individual

to a significant number of radioactive fragments.

Dose and exposure probability models have been developed elsewhex-e;(3 4)
however, a number of input parametiers required to provide realistic re-
sults from these models need better definition.

Fragmentation of the nuclear engine can be accomplished by either of
two methods. The nuclear stage can be equipped with the means to
fire chemical high explosives into the core and simultaneously detonate
these charges at the proper moment to accomplish the desired fragmenta-
tion. Alternately, the nuclear engine can be designed such that suf-
ficient reactivity can be inserted to cause a rapid energy release within
the fuel itself to accomplish fragmentation.
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Although the end result may be similar the mechanism of fragmentation
produced by these twe methods differs greatly. The chemical high
explosive method causes fragmentation initially by the generation of a
shock wave. As the first fragments produced accelerate and move away
from the charge location, crushing and grinding occurs, causing further
particle attrition, in addition to the shock wave damage.

The nuclear destruct method, on the other hand, deposits energy within
the fuel material in the matrix, causing high temperatures and pressures
which produces the fragmentation.

It is to be expected that the fragmentation produced by such differing
mechanisms could differ widely. It is the definition of these differences
in fragmentation characteristics and the consequent biclogical inter-
actions that is the objective of this report.



II. CHARACTERISTICS OF ENGINE DESTRUCT SYSTEMS

A. E G IVE DE

The details of the high explosive 1eftruct system configuration hLas
been the subject of another report 5 and, consequently, will only
be briefly described here.

Basically the presently conceived system consists of implanting four
high explosive charges which 2re contained in modified 105 mm artil-
lery shells, each equipped with its own externally triggered detonator.
Before use, the shells are contained in launcher tubes attached to the
upper engine support structure. When the destruct system is energized,
the explosive shells are fired from the launcher tubes, penetrate the
shields and engine pressure vessel dome, and enter the reactor core.
When the shells have travelled the proper distance into the core, the
four high explosive charges are simultaneously detonated.

A number »>f tests have been conducted to determine the degree of frag-
mentatior. 2and other cheracteristics produced by chemical high explosives.
These tests include both scale model bench tests and full scale field
tests. All the tests, however, with the exception of one, used statically
emplaced explosive charges to fragment the core mcdel. The one test
that did not us2 a statically emplaced charge was an early test to dem~-
onstrate the feasibility of firing an explosive charge from a launcher

(the test used a 105 mm howitzer) and detonating the charge after the
shell had travelled a specified distance into the core.

This report will consider only those tests which used simulated ROVER
fuel material and consequently is limited to the following tests:

a. APG-3 full scale test
b. Scale model test at LASL--1/9 scale
C. Fuel fragmentation tests at LASL--1 inch samples.

The APG-2 test conducted at Aberdeen Fioving Grounds did not mockup
the entire core model with simulated fuel. The size distribution, however,
from this test is included even though only four size classes were used.



A number of parameters from these tests must be examined to determine
the characteristics of high explosive destruct systems. These param-
eters are:

a. the particle size distribution which indicates the degree
of fragmentatic. of the reactor core and the effect of temperature
upon fragmentation. Both mass and number distributions as a
function of size are required.

b.. the distribution of fragments about the origin to indicate
non-uniform dispersion

c. the fission product distiibution as a function of particle
size required to determine the dose delivered per particle

d. fission product solubility to determine the degree of in-
ternal organ exposure that will occur.

1. Size Distribution

Figure 1 shows the size distributions produced in the APG-2 .(6)

APG-3(7) and 1/9 scale 1ASL(8) Test. One-ninth scale test
results are shown by two curves shown on Figure 1; one curve
is for a 1864 g sample while the other is for a 28.9 g sample.
These two curves differ by a maximum of approximately 10 to
12 percent by weight.

The mass median diameter of the 1864 g sample of one-ninth
scale model debris is 1260 microns and for the smaller 28.9
g sample is 1860 microns. The limited data from the APG-2

test lie between the size distributions of the two one-ninth

scale samples.

The mass median diameter from the APG-3 test is 3160 microns
indicating that a much coarser fragmentation of the core occurred.

Unlike the one-ninth scale test which used a single axial charge,
the APG-3 test simulated the placement of the explosive in four
charges placed symetrically about the axis midway between center
and the edge of the graphite core. Thus, it is not surprising that
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the size distribution for the APG~3 results differs from the one-
ninth scale test. It is surprising, however, that the shape of
the distribution curves are similar. This leads one to speculate
that the differences are due more to the inherent difficulties of
scaling such experiments than in different fragmentation char-
acteristics due to the geometry of the explosive charges.

The APG-3 test was the best instrumented and most analyzed
test yet conducted. Consequently, for the purposes of this
report the APG-3 ‘est results for size distribution will ke taken
as representative of the size distribution that can be obtained
from a ROVER reactor. Figure 2 shows the number of particles
and the average weight of the particles as a functing of size
for a high explosive destruct.

None of the scale model or full size tests conducted have con-

sidered the effect of temperature. Thus, these tests do not define

the size distribution that would be obtained from the explosive
destruct of a reactor which has been in a high temperature envi-
ronment during operation and may be at elevated temperatures at
the time the destruct system is activated.

Los Alamos Scientific Laboratory* has conducted a series of ex~-
periments with one~inch long pieces of fuel material. This fuel
material was subjected to various pretreatment temperatures to
simulate reactor operation and was held at various temperatures
at the time a small charge of explosive was detonated. Figures
3 through 6 show the size distributions obtained for the various
samples. Table I summarizes the pretreatment and temperature
at the time of fragmentation.

* This data was made available through the courtesy of Mr. H.
Schulte of the Industrial Hygiene Group of Los Alamos Scientific
Laboratory.



Swrvy?® " UNIIM FTNLYVS ITWYTAY

/

WE/SHT

Q
AR
28 g -
RN )
4 ¥ob m“_
N ?
¥ <2 .
D ) 4
% X o LY
w e N
~N
CRA ¥ ]
it {3
x
) u.. .
m...
$ -
% Pln
D
Q
3
3
FZIS CILVHTNI NVHL Y79¥V7 STTIOILVS 40 ¥3§WAN
A—LILL ﬁ. Fﬁr-. be At 1s 13 1 11 33 14 -~
J ﬂ” Iﬂ QW M nﬁ 6” .H JF !N tN © -

= -

~



T ey vy ™

TABLE 1

SUMMARY OF PREHEAT AND FRAGMENTATION TEMPERATURES

Sample Fuel Type Preheat Temperature and Time Temperature at Fragmentation
A Unbeaded No Preheat Ambient
B Beaded No Preheat Ambient
C " No Preheat Ambient
D " No Preheat Ambient
E Unbeaded 2200°C 30 Minutes Ambient
F Beaded 2200°C 30 Minutes Ambient
G . 2500°C 180 Minutes Ambient
H Unbeaded No Preheat 2500° C
I Beaded No Preheat 2500° C
] o No Preheat 2500° C
K " No Preheat 2670° C
L " 2200°C 30 Minutes 2500° C
M " 2500°C 180 Minutes 2500° C
N " 2500°C 180 Minutes 2655° C
o " 2500°C 180 Minutes 2765° C
P Unbeaded 2200°C 30 Minutes 2500° C
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The effect of elevated temperature generally seems to produce
a coarser fragmentation. The samples of fuel which have had
no pretreatment and are at ambient temperature at the time of
fragmentation produce, in general, the finest size distribu-
tion followed next by those which were pretreated but were
fragmented at ambient temperature. Finally, tho.e which were
not pretreated but were fragmented at high temperature had a
finer size distribution than those which were both preheated
and fragmented while hot. While the preheat temperature af-
fects size distribution, it is affected to a greater degree by
the temperature of the fuel at the time of fragmentation.
Furthermore, since the reactor will be hot for some time after
operation and may actually become overheated prior tc destruct
system activation, a significantly coarser fragmentation can be
expected than that shown by the APG-3 results.

- 2. Dispersion of Fragments

The ultimate aim of the destruct systems is to disperse the core

in as small fragments as possible over as large an area as pos~-
sible. The geometry used in placing the four explosive charges

in the core mockup in the APG-3 test was such that there was a
reinforcing effect midway between the adjacent charges. This
reinforcing effect caused most of the core material to be expelled
in four jets located midway between the charges. A fifth jet

along the reactor axis from the nozzle end also occurs but probably
contains considerably less material than the four radial jets. The
effect of this charge geometry is shown in Figure 7.

At this point it should be noted that the flight configuration of a
high explosive destruct system will not emplant the four charges
parallel to the reactior axis. These charges must be placed at

an angle to the axis because the design of the propellant tank

and upper engine support structure prets'lude placing the projectile
launchers directly above the engine .(5 The effect of non-parallel
charge emplacement cannot be predicted. Thus, it is not certain
whether or not a similar jetting action will occur in a flight-con-
firgured destruct system. One cannot be certain that thie fragment
size distribution associated with this effect, will remain unchanged.

-
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Data from the APG-3 test indicate that the size distribution

of the material in the jets differs from that outside the jets.
Figure 8* shows the mass median diameter of the material
collected following the APG-3 destruct. As can be seen, the
size distribution varies depending upon the sample location

in relation to the jet location and dist?rsce . Future scale
model and full size testing is planned 9 to determine the ef-
fect of explosive charge geometry, weight, number of charges,
and detonation timing upon size and radial distribution of
debris.

The effect of non-isotropic ejection of fragments from the core
is to preferentially deposit significantly greater amounts of
debris in some locations than in others. For example the single
jet over the APG-3 test pad contained 7.25% of the core weight
in the 10° sector centered about the jet centerline; in the 10°
sectors centered 45° away from the jet centerline only 1.5% of
the core mass was found. If the dispersion were uniform each
10° sector would have contained 2.78% of the core weight.
Thus destruct of a reactor in space, oriented such that a jet

is pointing downward, would result in a ground deposition
along the centerline of the debris footprint on the ground 4.85
times greater than if the jets are rotated by 45° at the time of
destruct. In the latter case the effect would be to increase
the depnsition of debris on the ground closer to the edge of
the footprint.

3. F - Distributi

The high explosive test datauo’ show that the uranium content

of the core debris increases in the size range about the original
bead size in the fuel matrix. Figures 9 and 10 shows the ratio

of uranium weight fraction to graphite weight fraction of the debris.
The sharp peaking which occurs between 50 and 300 microns in-
dicates that in these sizes a greater fraction of the material is

fuel beads with some graphite matrix attached than in other size

* Data collected and analyzed by the United States Naval Radio-
logical Defense Laboratory. San Francisco, California.



B . B B A £ Sws e e ey AR EEwee @SR smesc s Sweea omiew

Lieuny 8

AASS MED/IAN S/IZE VS LD/iSTANCE
FROM GROUND ZERO AND POS/T/IIN
[ N JET® APs-3

_9'[-

AASS MEDIAN D/IAMETER -~MICRONS

emne ON JET CENTERLINE
woce 45 *FROM JET COANTERLUNE

& DATA SUPPLIED BY USNRDL

’ 8 l A I 2 1 q l J
200t 5 26 ) 75 790 e 750 775 200 235 Y 275

DISTANCE FROIM GCROVND RERO “Jrer




_LI-

FIGURE 9

asr
I URANIUM DISTRIBUTION IN DESRIS
FrLUOROMETRIE ANALYS/S ~APS -3
seolf
&‘ ba oo
33
- N b
SN
2oV "
. 3
= s !
)
o
( &
R
X
S
7.0 ¥
o ®
LB
N
o.5I™
e PARTICLE DIAMETER -MICRONS
o § i lllllll 1 1 lllllll 1 I lllllll 1 lll"ll

3

ro* s70% »* "



-

P pe" e D S D O G W n am OB B G OGN BN BN O o

..8'[...

’.‘

2.6

i ,.‘

/e

o.f

£/16 URE /O

URANIUM DISTRIBUTION IN DESRIS
SAMMA COUNTING -AP6 -3

WEI/ENT FRACT/ON

RATIO URANIVM WE/CNT FFRACTION TO GRAPNITE

PARTICLE DI/IAMETER - NW/ICRONS

1 llllllll L 1 l'll“l g 1 4 1 411

/0% /70 70% 707 ' 70%




ranges. This would suggest that the specific activity of
particles in this size range should be greater than for other
size ranges.

However, as mentioned previously, this test did not indicate
the effect of reactor temperatures, The LASL series of experi-
ments with the one~inch fuel samples shows that temperature
plays a significant role in the uranium distribution.

Figures 11 through 14 show that temperatures on the order of
2200°C for 30 minutes do not significantly reduce the peaking
of uranium content in the fragment sizes near the bead size.
Temperatures near or avove 2500°C even for times on the order
of a few minutes significantly reduce this peaking. In fact a
reasonably uniform uranium fraction with size is observed from
these tests. The melting point of uranium dicarbide is 2400°C.
Thus, when the temperature is maintained at 2200°C little or no
migration of the UC3 occurs. However, at 2500°C, migration
of the UC, occurs to a much greater extent, (possibly by dis-
solution of the pyrographite coating in molten UC,) thereby re-
ducing the non-homogenity of the fuel. Additionally, if
fragmentation occurs while the reactor is at 2500°C the molten
UC, can be more easily dispersed. Normal operating temperature
in the reactor is such that some diffusion may occur but melting
of the UC, should not take place and, hence, there should be
no significant effect upon the uranium distribution from a high
explosive destruct. However, malfunctions can cause reactor
over-heating and fuel bead core melting which would alter the
distribution.

Since the explosive destruct system is primarily intended for use
in the event of a malfunction of the reactor, it is reascnable to
expect that conditions favoring increased fuel migration would
exist. Because of the probability of this increased migration

of fuel it is believed that the safety analysis of the reentering
engine debris need not consider specific activity of debris in
certain size ranges higher than the mean for the core.

-19-
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4. Solubility of Fission Products

No solubility data on specific fission products is available for
debris produced by a chemical high explosive destruct. Such
data could be obtained by fragmenting a portion of a fuel ele~
ment from one of the NERVA or KIWI reactor tests conducted at
NRDS. Data obtained in this manner would include the effect
of normal operational temperature upon fuel and fission product
diffusion.

B. N D E

The concept of the nuclear destruct system is to create a nuclear ex~-
cursion of sufficiently short period that a large amount of energy is
generated in the fuel material causing a high local temperature. This
high temperature causes melting and vaporization of the UC,. The
attendant high vapor pressure associated with the high temperature
causes fragmentation of the matrix.

The method of producing the tranczient could be either by rapid drum
rotation or by injecting a large amount of moderating material into the
reactor core. The method of injecting the material and the moderator
material itself has not been determined.

The ability of a nuclear destruct system to fragment the core has not
been demonstrated. However, the KIWI Transient Nuclear Test data
provides some indication as to the capability of this concept, as do
irradiation tests on fuel samples exposed to other short period transients.
The KIWI-TINT test was carried out with a modified KIWI reactor. In

most construction details the reactor was similar to a normal KIWI engine:
the major modifications were in the external structures and control drum
actuators. By rapidly rotating the control drums, a nuclear transient with
a period of about 0.6 msec and an energy release of 3 x 1020 fissions
was achieved.

It should be emphasized that the KIWI-TNT was not intended to simulate

a nuclear destruct system; however, the data from this test is useful for
estimating the characteristics of a nuclear destruct in the absence of more
appropriate data.
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The data from KIWI-TNT that are useful for characterizing nuclear destruct
are the weight and particle number distributions as a function of particle
size, the dispersion of fragments, . -~ fission product distribution as a
function of size and the fission product solubility.

1. Fragment Size Distribution

Figure 15(11) shows the s.ze distribution of the debris recovered
following the KIWI-'{ test. The mass median diameter is 40,000
microns, Figure 16 11} shows the distribution of the estimated
number of particles as a function of size and the average particle
weight., The KIWI-TNT test, like the high explosive destruct
tests did not demcorstrate the effect that normal operating tem-
peratures would have upon the fragmentation characteristics.
However, the high temperatures generated by the transient it-

self may have produced the significant effects.

The KIWI-TNT test did provide an cpportunit: rradiate samples
of other fuel types and to determine the ene: release required
to cause complete fuel breakup. In general, . was found that the
fragmentation of these fuel samples was quite uniform(11) and
resulted in a particle size of about 1/16~inch (1590 microns) .
Energy deposition corresponding to about 5 x 1014 fissions/gram
caused bead damage. This damage, depending upon the fission
density, varied from small cracks in the bead coating to large or
multiple cracks with the less of some UC, from the bead core.
Fission densities on the order of 1.5 x 10 15 fissions/gram(12) are
sufficient to cause fracturing of all beads and the loss of the U(':2
core .

Because of the strong dependence of bead fracturing upon the
fission density, the effect of engine temperatures which cause
any significant UC2 migration would be to reduce the fission
density for a given excursion. Thus, a larger excursion would
be required.
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In the KIWI-TNT, the fission density was above the thireshold
for bead fracturing for all but about 4 inches at the ends of the
core. Thus, for a KIWI-type reactor the required energy re-
lease to complet H {ragment the core is estimated to be about
1 x 1021 fissions . Additional energy release would be
required if significant UC2 diffusion occurs, however.

Changes in fuel bead and element loading would also effect this
estimated energy release., Capsule experiments from KIWI-TNT (12)
indicate larger bead sizes with thinner coatings require less
energy for fragmentation. Increasing the uranium loading fractions
also decrease the energy required for breakup.

A D Fragment

The dispersion of particles from the KIWI-TNT was reasonably
uniform radially as evidenced by both photographic records of
the test and by the recovery of the larger fragments of the re-
actor core which were unaffected by the 15 to 20 knot wind
which existed at the time of the test. These larger particles
and pieces of the reactor vessel were found uniformly distributed
about the origin.

However, whether an operational nuclear destruct system would
give this same uniform distribution is subject to conjecture. This
question is raised primarily due to the probable manner in which
the transient will be initiated. In the KIWI-TNT the transient was
initiated by rapidly turning twelve control drums at the core pe-
riphery. The resulting energy release was generally angularly
uniform. However, a flight nuclear destruct system which prod-
uces the excursion by the injection of moderator into various parts
of the core could produce local power peaking. Depending upon
the severity of this peaking, shock wave reinforcement at certain
locations could occur producing @ non-uniform dispersion as was
produced in the APG-3 test. Since this non-uniform dispersion is
based only on conjecture at this time, it will be assumed that the
dispersion of particles will be more or less uniform and that a
nuclear destruct system can be designed that will cause fragmenta-
tion and dispersion at least as great as that produced in the KIWI-
TNT test.

-28-
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3. Fission Product Distribution

As mentioned previously, the mechanism for fragmentationuz 13)
by a nuclear excursion is the generation of a high-internal vapor
pressure and thermal stresses which cause the fuel bead to
"explode" causing fragmentation of the fuel matrix. As the beads
and matrix fracture, the UCj-vapor or liquid is released. This
vapor and liquid is free to condense and freeze on the surface

of matrix particles. Analysis of KIWI-TNT data(13) indicates

that about 2/3 of the fission products were vaporized while only
about 5 to 20% of the core material was vaporized., Radiochemical
analysis of the KIWI-TNT debris shows that the activity associated
with the particles is nearly proportiona! to the square of the
particle diameter 13) | This indicates a dependence of activity
upon the surface area of the particle.

This surface deposit of activity is desirable since any ablation
of the particle surface due to aerodynamic heating during the re-
entry phase should substantially reduce the activity associated
with the particle. The extent of this reduction remains to be
demonstrated.

4. S f Fission Products

The U.S. Naval Radiological Defense Laboratory(14) obtained a
number of samples from the KIWI-TNT test to determine the solu-
bility of the contained fission products. The results of these
solubility tests, although not representative of the solubility of
fission products from a nuclear destruct in space because of the
effect of reentry heating, can be used to indicate at the degree
of solubility to be expected. Table II shows the results of
solubility tests in distilled water and 0.1N HC1. Th2 solubility
data in 0.1N HC1 is believed to approximate the solubility in
body fluids.

USNRDL obtained other data regarding the degree of fractionation
of fission products and gross activity decay rates. This data.
however, has little application to this study and, consequently .
is not discussed here.
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. TABLE - T1

»
PERCENT OF RADIONUCLIDES LEACHED FROM KIWI-TNT
DEBRIS UNDER VARIOUS CONDITIONS

e S SR ] ——— T T G B P DA W0 A " AT 8T W - - - e ore-dea . T S ———

Sample Ground Filter Unit Fallout*

Leach Solution Distilled Water 0.INHCI  0.INHCI 0.INHCt 0.IN HCl
Radionuclide

8r>? 94 98 7 16 20
§:°° 93 96 5 13 20
! . 84 s 1 19
ze>d <7 6.7 3.5 1 1.0
Mo™® 46 40 i il I
Rul03 <21 <77 14 29 17
Ru'0® 4 51 21 28 20
2e}3] ik i e i i
nadi 66 55 o o 3s
Te}32 64 74 " i &
cs'3 28 30 0 i i
P ad 34 3l 20 26 28
Ba’40 77 87 88 16 27
ol o i i i o
P 43 60 15 17 25

* 701 - 1400 Microns.

-



The analysis of samples taken from the ground air sampling
filter units indicate that the samples are enriched by about

a factor of 20 in strontium and up to 30 - 40 in iodine and
tellurium whereas the fallout samples which were in the size
range of 700 to 1400 microns were more depleted in these
elements. Figure 17 shows the ratio of Sr-89 to Zr-95 vs.
the ratio of I-131 or Te~132 to 2r-95. In general, the larger
the particle the greater the depletion of strontium and iodine.

The samples collected on the air filter unit on the ground and
from the cloud resulted in larger amounts of fission product
leaching than did the larger fallout samples. Since the
particles which are small enough to be airborne do not contain
a significant fission product inventory the high 5olubmty ex-
hibited is not indicative of severe organ doses( . The larger
particles with larger inventories do not exhibit significant
fission product solubilities.
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III. PARTICLE EXPOSURE

The ultimate objective of this report is to present a comparison of the
possible doses delivered as a consequence of both a nuclear and a
high explosive destruct of a nuclear rocket reactor. Since the reactor
operating time and power level will be the same for both destruct
systems for any given mission, the initial fission product inventory
will be identical also. After destruct system activation a number of
differences exist in the characteristics of the debris, however. Unfor-
tunately, the magnitude of many of these characteristics is unknown
and, consequently, it will be assumed that the differences in the
characteristics that are to be considered are:

a. The size and number distribution of particles

b. The dispersion of particles, i.e., uniform vs. non-
uniform dispersion

c. The fission product inventory added by the nuclear
destruct

d. The fission product distribution in the particles of
debris

e. The fission product inventory lost by vaporization.

The comparison of the consequences of each destruct must be evaluated
in terms of both the dose delivered and the probability of exposure.

The exposure situations to be considered are:

a. External whole body exposure
b.  Gastrointestinal exposure
(1) by inhalation
(2) by ingestion
C. Lung exposure
d. Skin external contact exposure

The relationships for determining the exposure probability and dose have
been developed and are discussed in previous documents 3, . Each
exposure route is congidered separately below.
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A. EXTERNAL WHOLE BODY EXPOSURE

The relative - ffects of whole body exposure can be estimated using the
results from machine eomm%um the MOREDO proqram(ls’ for
an averaged world population. :

For this comparison the population exposure is adequate tc describe the
relative exposure obtained for a given destruct system.

The population exposure, nm , for size j particle is given by (3)

By, = 20M F J‘o 8D, | 4 (1
M

where: = total number of particles of size j

i

i
8 = distance from source to receptor motion center
D‘. j d dose to receptor from particle

= mean population density of the ﬁh. group

To determine the total exposure a given population will receive, it can

be seen that the population exposure is simply proportional to the total

number of particles affecting that population. (It is stressed here that

this is true only for that single population for which the summation over
all age-occupation groups, i, is valid.)

Rearranging equation (I)

PE
F C—l = - -
[ . “, 2' P n‘ Io SD('ojond. (m

From tl\o results of a MOREDO calculation with the one region werld
model 16) the total population exposure for the largest particle size
class was

= S
PS’-I 3.93 x 10" man rad



The particle density was 1.738 x 10"10 partlcles/meterz over an area
of 9.18 x 1013 meters ; therefore, the total numkter of particles is

M, = (1.738x 10729 part/m?) (9.18 x 10°m? = 1.59 x 10*

particles and thus

5
¢ = 3.93x10 Manrad _ 24.7 man rad/particle
1.59 x 107 particle

The particle, which was 31,162 microns in diameter, emitted a total
decay energy of 5.5 x 1017 Mev from 1 hour after shutdown to infinity.
Hence, assuming decay according to the Way-Wigner relationship, the
decay rate 1 hour after shutdown was 1.1 x 1017 Mev/hr or 3.06 x 1013‘%':—:.
The energy dlstriau n used in the calculations was from the data of
Perkins and King 7 for 1 hour reactor operation and 100 hours after shut-
down as shown on Table III. The average energy for this distiibution is
about 0.88 Mev. However, for impact in Africa for which this report is
based, the reactor operating period is only about 500 seconds. Thus,
using the Perkins and King data for instantaneous fission for 1 hour after
shutdown yields approximately 1 x 10~4 Mev

Sec Fission

therefore,

-4
#= 24.7 Man rac — 1x10 Mev
*"  particle 3.06 x 104° Mev Sec fission

’ = 8.07 x 10”7 man rad/fission

This value of “ can be multiplied by the total deposited fission energy to
obtain the population exposure.

B. GASTROINTESTINAL EXPOSURE

The mean number of particles swallowed via the respiratory system per
person per unit particle depoimod\ on the ground can be calculated using
methods published elsewhere 3.4), Figure 18 is obtained using these
methods and assuming a 2 meter per second wind and the standard man
breathing rate.



TABLE - III

ENERGY DISTRIBUTION USED IN MOREDO CALCULATIONS

—

Energy Range Average Decay Energy Fraction
Mev/sec
Mw-hr
0 -0.4Mev 0.20 Mev 4 x 1012 0.1409
12
0.41 - 0.90 065 15 x 10 0.5287
, 12
0.91 -1 3¢ 1.13 2.6 x 10 0.0916
12
1036-1080 1058 5.6x10 001974
1.81 - 2.20 2.00 0.5 x 1012 0.0176
12
2.21 - 2.60 2.40 0.65 x 10 0.0229
12
2.61 - 5.13 3.87 0.02 x 10 0.0007
T 0.88 Mev 28.37 x 10°2

+38=
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Methods for calculating the mean number of particles ingested via
contaminated food have also been derived(3.4) ., However, a number
of factors must be used to calculate the mean particle intake which
are at present not well known. Since the mean particle intake will
vary directly with deposition denzity of the particle, the mean in-
take will not be calculated.

C.  LUNG EXPOSURE

The mean number of particles per person reaching the lung per unit
particle deposition, ¥ . can be calculated (3.4) to be

-
' \ / 2
L] part | k_szm_
_;k, = 625 '\peuon) “part “; for 3.1 micron diameter particles
) "m \ om?
-x-nk. = 4.35 \person/' ‘\m :: for 14.1 micron diameter particles

assuming a 2 meter per second wind.

D. SKIN EXPOSURE

Figure 19 shows the mean number of particles per person per unit
deposition which are expected to strike and stick to the skin. Again,
the methods developed in references (3) and (4) were used to obtain

Figure 19.
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IV. DOSE EVALUATION AND SYSTEM COMPARISON

To evaluate the various doses obtained as a result of nuclear and high
explosive destruct it is necessary to define the deposition density of
particles, i.e., number of particles per unit ground area for each size
class. For sub-orhital destruct, the deposition of particles on the
ground will depend upon the altitude of destruct and the velocity vec~-
tor imparted (o each particle at the time of destruct and, hence, the
deposition density can only be predicted by applicaticn of classical
trajectory and reentry calculations. For orbital destruct, impact lo-
cation cannot be predicted but the deposition of particles will be
generally random between latitudes 40 N and 40 S. N

For this study the deposition of particles will be assumed to be uni-
form throughout a rectangular impact area. This impact area as a
function of particle size shown on Figure 20 is obtained from data in
reference (18). (Later studies(2) will probably show revised impact
areas, however, the ’esults of these final studies are unavailable at
this time.) Table IV shows the number of particles in each size class
while Table V shows the particle number density for high explosive and
nuclear destruct.

The particle densities in Table V are used to determine the doses derived
following each type of destruct. The particle densities from high ex-
plosive destruct can vary from 0.54 to 2.6 times the areal densities
given in the table because of the non-uniform dispersion created by the
jetting action demonstrated in Figure 7. (See Section II A2).

A failurb of the nuclear rocket at 1090 seconds of flight time would allow

the particles generated from a destruct of the reactor to impact in South (18)
Africa. Thus, the flight profile would account for 586 seconds of booster
operation and about 504 seconds of nuclear stage operation. The total
number of fissions which have occurred are approximately;

16 fission

e 22
Sec-Mw _ 1+75x 10 fissions

504 sec (1100 Mw)} 3.16 x 10

The inventory of each particle from a high explosive destruct can
be estimated by assuming the fission products are distributed

-40~-
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TABLE IV

NUMBER OF PARTICLES AND
EARTH AREA COVERED

 zeo

Part Dia an ggm“ No. of Particles of Mean Size

:
i {microns) Nuclear Destruct Explosive Destruct
I " 3.16 ~ 3.3x10° 3.85 x 100 6.0 x10°2
§ 5.6 - 1.43 x 10'° 1.0 x10*°
? | 10 = 2.53 x 10° 4.4 x10'2
& 17.8 - 2.7 x10° 1.2 x 102
| . 31.6 " 5.0 x 10 3.2 x10'!
| $6.0 - 1.0 x10° 6.4 x10°0
) - 100 . 1.1 xlO8 l.25x1010
. | 178 E 8.4 x 1o: 2.5 x 102
| . 316 2.5x 10 1.2 x10 7.2 x10

% L 560 7.6 %107 2.0 x10° 2.1 x10°
§ 1000 2.3 x 107 1.4 x10° 4.1 x10
‘ [ 1780 7.6 x 10° 4.3 x10° 1.4 x 10’
i 3160 2.3 x 10° 1.0 x10° 7.2 x10°
1 5600 7.6x 1o: 5.0 x m: 7.6 x 1oi
; 10000 2.3 x 10 . 3.0 x10 3.7 x10

| [ 17,800 - 7.6x10° 1.75 x 10° 3.12x 10°

3 26,900 3.3 x 10* - 35

(explosive) :
l 56,000 7.3 x 10° 4.5 x10° .
\nuclear) '
l 100,000 2.3x10° 5.5 x10° »

(nuclear)

-§2-
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Particle Diameter (microns)

3.16
5.6
10.0
17.8
31.6
$6.0
100
178
316
560
1000
1780
3160
5600
10000

17,800
26,900
56,000
100,000

TABLE V

AREAL DENSITY OF FRAGMENTS

Areal Density (particle /km")
Explosive Destruct*

Nuclear Destruct

114

42.4

7.5

0.8

0.148
0.296
0.326
0.248

4.8 x 1072
2.6 x107°
6.1 x10
5.65 x 10
4.35x 10
6.59 x 10
1.30 x 10
2.3 x10

-2
-2
-2
-2
-1
-1

6.15 x 10~

2.40

2

1.77 x 10°
2.96 x 10°
1.30 x 104
3.55 x 10°
945
189
37.0
7.40
2.90
2.85
1.78
1.84
3.13
1.00
1.61 x 10
4.10 x 10

1.06 x 10

1
2
3

* Based on uniform dispersion of particles; actual density may vary
from 0.54 to 2.6 times density shown,
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throughout the particle volume uniformly; thus, using the weight per
particle shown on Figure 2 results in the data shown in Table VI under
high explosive destruct.

The nuclear destruct transient would add about 1 x 1021 fissions to the
above inventory. However, this contributes less than 10% of the in-
ventory and is, consequently, neglected. The inventory due to operation
in the case of nuclear destruct {s reduced from 1.75 x 1022 fissions to
5.84 x 10%! because of the amount of fission products vaporized, which
in the KIWI-TNT was estimated to be 2/3 of the total inventory.

The inventory in each particle from a nuclear destruct is calculated under
the assumption that the fission products are distributed uniformly over
the surface of the particle. Thus, using Figure 16 to obtain the number
of particles in each size range and assuming spherical particles, the
data shown in Table VI for nuclear destruct are obtained.

Table V! data are used in the following sections to obtain the doses for
the particular exposure route and the values in Table V are used to obtain
the exposure probabilities for the various dose routes. At this point it
should be emphasized that the particle fission product inventory does not
consider the effects of burnup during re-entry. Burnup would probably
remove a significant portion of the fission proeduct inventory from the
particles created by nuclear destruct since it appears that most of the
remaining fission products condense on the surface of the particle. This
effect could reduce or eliminate all exposures following nuclear destruct.
Unfortunately, there 1s no experimental data regarding the inventory re-
duction that could reasonably be expected. The conclusions in this report
are reached assuming that ablation does not affect fission product inven-
tory.

A, EXTERNAL WHOLE BODY DOSE

Section III-A of this report presented a basis for estimating the population
exposure to what might be called an average world population.

The population exposure per unit ground area covered by particles of size

j is
- + manrad ﬁ.m;m\, miles
(P.E ’)j “  fission ‘\ . | particle /’ km
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Particle Dia.py

3.14
5.6
10.0
17.8
31.6
56.0
100
178
316
560
1000
1780
3160
5600
10000
17,800
26,900
56,000
100,000

TABLE VI

FISSION INVENTORY

Fission Inventory (gulgg(m

Explosive Destruct

1.17 x 10°

5.85x10
3.62 x 10
1.87 x 10
1.17 x 10
5.85x 10
3.62 x 10
1.87 x 10*?
1.17 x 1012
5.85 x 1012
3.62 x 103
1.87 x 10*4
9.35 x 10%*
5.85 x 101°
2.58 x 10'°
9.35 x 10'°

1.87 x 1017

0 W oo v o

0

-45-

Nuclear Destruct

9.2 x10°
9

2.92 x 10
9.2 xlO9
2.92 x 10°°
9.2 x10°
11
2.92 x 10

9.2 x lt.)ll

2.92 x 1012

9.2 xlO12
2.92 x 10%3
9.2 x10'3
2.92 x 104
9.2 x 104
2.92 x 10°°
9.2 x10'°

6

2.92 x 10"

2.92 x 1027

9.2 x 107
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If the results are summed for all particle sizes the total population
exposure per unit area is obtained. Table VII shows the population
exposure per unit area resulting from both explosive and nuclear de~-
struct. The results are given for the center of the "footprint” where
all size class particles are presumed to be deposited. As mentioned
earlier the results for the case of explosive destruct may vary by a
factor of 0.54 to 2.6 as a consegquence of the non-uniform dispersion.
However, the population exposure resulting from nuclear destruct is,
at the least, 50 times greater than that which could occur as a result
of explosive destruct due to the smaller number of particles and the
consequent higher activity fer garticle . The area covered by all size
class particles is 2.3 x 10¥ km“ and, hence, the population dose
following nuclear destruct would be

S kmz) = 4.,4x 105 man rad.

192 man x‘ad/ktn2 (2.3 x 10
The average popuiation density used in the MOREDO model was 25.6
persons/km“, therefore, the average individual dose from nuclear
destruct would be

2
192 m“-,?i km = 7.5rad
km 25.6 persons

while for a explosive destruct the average dose per person would be
0.054 rad.

B. GASTROINTESTINAL EXPOSURE

Figure 18 shows the mean gastrointestinal particle exposure per person
per unit particle deposition. This, when multiplied by the deposition
density of the pérticles, yields the mean number of particles per person
as shown in Table VIII. These values can also be interpreted as the
probability that a person will inhale one particle of that size(3),

Table IX shows the beta dose per particle calculated on the basis
that the organ-averaged dose is the total beta decay energy depos-
ited over the entire mass of the organ of interest.* The average beta

*This method for dose calculation is used here only for simplicity since
more precise calculation methods would be more time consuming and
only the relative doses between the two destruct modes are of primary
interest here.
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3.16
5.6
10.0
17 .8
31.6
56.0
100
178
316
560
1000
1780
3160
5600
10000
17,800
26,900
56,000
100,000

Total

TABLE VII

POPULATION EXPOSURE~-WHOLE BODY

Wﬂ&ﬁ)
Explosive Destruct Nuclear Destruct
1.47%10°° 8.4 x10°°
1.38x 10> 9.9 x10°°
3.76 x 10> 5.5 x10°°
5.30 x 10™° 1.87 x 10°°
8.85 x 10™° 1.09 x 10°°
8.81 x 10™° 6.95 x 10" °
1.07 x 10~ 2.39x 10
1.11x10°° 5.8 x10°
2.71x 102 3.53x 10"
1.33x10°° 6.06 x 107>
5.15 x 10 4.44x 107"
2.75 x 1072 1.33x10°°
2.34 x 10 3.19x10°°
4.68 x 10 1.53 x 1072
3.33 x 10"} 9.56 x 102
3.06x 10} 5.4 x10°}
1.58 x 10° 2 -

- 14.4
- 177

~1.39 Man rad/km2
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Particle Dia.

3.16
5.6
10.0
17 .8
31.6
56.0
100
178
316
560
1000

TABLE VIII

G. I. EXPOSURE VIA INHALATION

Mean Exposure

!
|
'

¥s/ =

6
7
7
8
8
9
9

1.5x 10
3.2x10

1x10
3.4x 10
1.3x10°
5.0x 10
2.0x 10
8.6x 10 0
4.2x 10720
2.3x 10720
1.4x10°20

\_mf_j
—— W
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'_part
Mean Exposure g | person
' Explosive Destruct = Nuclear Destruct
2.66 x 10~ 1.71 x 1074
9.47 x 10 ° 1.35x 10>
1.30 x 10> 7.50 x 10~/
1.31 x 10" 2.72x10°°
1.23 x 10°° 1.92 x 10~°
9.45 x 10~/ 1.48 x 102
-8 -10
7.40 x 10 6.52 x 10
-9 -10
6.35 x 10 2.14 x 10
1.22 x 10™° 2.02 x 1011
6.55 x 10”10 5.97 x 10” 1%
2.49 x 10°10 8.55 x 10 11



TABLE IX

AVERAGE ORGAN (lower large intestine) DOSE

Particle Dia. High Explosive Destruct Nuclear Destruct
microns (rads) — f(rads)
3.14 2.24 x 1072 1.98 x 10
5.60 1.13x 10"} 6.31 x 10"
10.0 7.0 x 10 1.98 x 10°
17.8 3.62x 107} 6.31 x 10°
31.6 2.26 x 10° 1.98 x 10°
5610 1.13 x 10° 6.31 x 10°
100 7.00 x 102 1.98 x 10°
178 3.42 x 10° 5.95 x 10°
316 1.90 x 104 1.67 x 10s
560 7.70 x 10° 4.3 x10°
1000 2.42 x 10° 1.05 x 10°
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energy between 1 and 30 hours following fission is about 1.5 Mev,
Since the material reenters relatively quickly and since G.I. ex~
posure will last, on the average, about 30 hours 3) this represents
a reasonable beta energy for the exposure interval.

The data from Tables VIII and IX can be combined to yield curves of
the probability of receiving a given dose from a single particle as
shown in Figure 21, It can be seen that the curves for nuclear and
explosive destruct approach one another for high dose-ow probability
interactiocns and consequently there is little choice as to the more
advantageous destruct system on this basis. However, for inter-
actions of reasonably high probabilities--with lower do<e values, it
can be ceen that the explosive destruct system would re-ult in dose
values which are lewer by a factor of one-fifth. The area to which
Figure 21 applies is~-

28 . ople

2.3 x 103 kmz containing K
m

or 56,000 people.

Thus, it can be seen that the expected number of people who may
receive significant doses from this route as a result of a nuclear de~
struct is not negligible. Conseqguently, it must be concluded that

from the standpoint of exposure of the lower large intestine the high
explosive destruct system would present a preferable exposure situation.

C. LUNG EXPOSURE

For the smallest class of particle considered i.e., 3.1 microns, the
probability of exposure of one person to one particle and the dose per
particle (organ averaged dose) is given in Table X.

The upper limit of particle size that will reach the lung is on the order

of 15 u. As can be seen from Table X the probability for a particle of

the indicated size to be inhaled and reach the lung is greater for debris
generated by explosive destruct while the dose delivered per particle is
higher following nuclear destruct. The largest expected number of people
who will inhale one particle which reaches the lung occurs with the

explosive destruct mode; 62 are exposed in this case. For nuclear destruct,
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less than -~ e person would be expected to be exposed. Table X
indicates that no definite conclusion can be drawn as to the destruct
system which offers the greater degree of safety since the high doses
are associated with reasonably small probabilities and the dose values
are not excessively high.

D. SKIN EXPOSURE

Figure 19 shows how the mean skin exposure per person per particle

per unit area varies with particle size. Although no upper size lim:
has been established by direct experimentation this size is probably
about 1000 microns (1lmm) ia diameter. Above this size, the particle
would probably be noticed by the individual and be removed. Hence,
for this report 1000 microns is assumed to be the upper iimit.

Table XI gives the mean number of particles per person expected to
impact and stick to a persons' skin and the dose rate expected from

a single particle. The results indicate that for skin contact exposure,
the explosive destruct system will result in a greater probability of
exposure because of the greater number of particles formed but will
result in a lower dose rate for a given size particle compared to a
particle from a nuclear destruct.
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TABLE X

LUNG EXPOSURE
Mean Exposure, particles/person Dose Rate (at one hour after
—shutdown) Rad/day
Particle Dia. Nuclear Destruct  High Explosive Destruct =~ Nuclear Destruct  High Explosive Destruct
=5 ' -3 v
3.16 7.13 x 10 1.11 x 10 0.655 8.4 x 10
-9 -6 -2
14.1 1.78 x 10 3.56x 10 14.3 9.4x 10
e G ey Gy G G g—
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Particle Dia.

3.14
5.60
10.0
17.8
31.6
56.0
100
178
316
560
1000

Mean No, Particles Per Person* Dose rate rad/hr/particle
Explosive Destruct Nuclear Destruct Explosive Destruct

1.31x107° 2.04 x 107> 1.53x10°° 1.94 x 1078
1.69 x 10°° 1.18x 107 4.86x 10™° 9.70 x 10°°
7.12x10°° 1.23 x 1072 1.53x 107 6.00 x 10~/
1.2 x1078 5.31x 1072 4.86x 10 3.10x 10°°
1.85 x 107/ 1.18x 107> 1.53x 107> 1.94x 10>
2.01 x 10"/ 1.28x 1074 4.86x 107> 9.70 x 10™°
1.24x 107 1.41x 107 1.53 x 1072 6.00 x 10
5.70 x 10 ° 1.70 x 10°° 4.46 x 1072 2.86x 10°°
6.95 x 10 4.20x 10~ 1.25 x 10" 1.59 x 10”2
2.60 x 10™° 2.85x 10~/ 3.4 x10°} 6.70 x 10”2
5.00 x 10> 1.46 x 107/ 8.1 x 107} 3.18x 10"}

]

TABLE XI

SKIN CONTACT EXPOSURE FROBABILITY

*Or probability of one person being exposed to one particle of given size.
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V. CONCLUSIONS

From the material presented in this report two major sets of con~-
clusions may be reached. The first set of conclusions are con~-

cerned with the comparison of the radiological consequences of a
nuclear or high explosive destruct and are based upon the avail-

able experimental results of high explesive tests and the KIWI-TNT

test. The second set of conclusions concerns the experimental

data itself,

Based on experimental data and the dose and interaction models
developed for the safety analysis program of the ROVER project,
a compariscn of the radiological consequences of nuclear and
high explosive destruct reveals that for a destruct after about

1100 seconds which will cause impact of the particles on the
South African continent:

(1) A nuclear destruct will result in an external whole

body gamma dose of no greater than 7.5 rads when averaged

over the entire population group. For the same case the
- chemical explosive destruct system will cause a dose of

only 0.03 rads to 0.14 rads depending upon the orientation
cf the vehicle at the time of destruct. (Individual doses can

be considerably higher in both cases.)

{2) The nuclear destruct system results in a higher dose
to the lower large intestine for a gyiven probability than the
explosive destruct system. For the nuclear destruct system
one person may be expected to receive a dose to the LLI on
the order of 73 rads whereas the explosive destruct system

would result in a dose of about 25 rads.

(3) For important probabilities of exposure neither the

explosive nor the nuclear destruct system results in signif-
icant doses to the lung; however, explosive destruct results
in a greater probability of exposure but a lower dose rate for

the same size particle.

55

B o

B

P et e EE S e am e



B e T T T S

e

(4) Neither destruct system appears to deliver significant
skin contact decse with important exposure probabilities; how-
ever, the explosive destruct system vesults in a greatier ex-
posure probability but a lower dose for any given size particle.

(5) The degree of fission product removal by ablation
during re-entry is unknown and has not been considered in the
comparison. Significant ablation effects, especially for
particles generated from a nuclear destruct can significantly
affect conclusions 1 to 4 above.

The following conclusions apply to the experimental data:

(1) Operating and post operational temperature effects
significantly alter the particle size and uranium distribution
of the resulting debris from either destruct system.

(2) Actual geometry of the high explosive projectiles in a
flight configuration destruct system might significantly alter
size distribution and ground deposition of debris.

(3) Timing of the high explosive detonation might affect
size distribution and ground deposition of debris .

(4) The method of initiating a nuclear destruct transient
might significantly alter size distribution and ground de-
position of debris.

(5) The high explosive destruct tests conducted to date

do not adequately reproduce conditions that exist at the time

of destruct with a flight configuration system. Therefore,

the consequences to a population affected by the debris generated
can not be predicted with a high degree of confidence.

(6) The KIWI-TNT experiment, which was not a nuclear de-
struct demonstration, provides some insight as to the capabilities
of a nuclear destruct but does not provide the data required to
predict consequences to populations with a reasonable degree of
confidence.
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Vi. RECOMMENDATIONS

Future explosive destruct tests should simulate as much as
possible an actual flight configuration destruct system.

23 Future explosive destruct tests should simulate a reactor
core which has been operating for some specified interval and should

simulate the temperature conditions which could exist at the time of
destruct. ;

3 Plasma jet studies should be undertaken to determine the

degree of fission product ablation which can occur with particles
generated by a nuclear destruct.
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